Background: Previous studies suggested a possible association between fine particulate matter air pollution (PM 2.5 ) and nitrogen dioxide (nO 2 ) and the development of hypertensive disorders of pregnancy, but effect sizes have been small and methodologic weaknesses preclude firm conclusions. Methods: We linked birth certificates in new York city in 2008-2010 to hospital discharge diagnoses and estimated air pollution exposure based on maternal address. the new York city community air Survey provided refined estimates of PM 2.5 and nO 2 at the maternal residence. We estimated the association between exposures to PM 2.5 and nO 2 in the first and second trimester and risk of gestational hypertension, mild preeclampsia, and severe preeclampsia among 268,601 births. Results: in unadjusted analyses, we found evidence of a positive association between both pollutants and gestational hypertension. However, after adjustment for individual covariates, socioeconomic deprivation, and delivery hospital, we did not find evidence of an association between PM 2.5 or nO 2 in the first or second trimester and any of the outcomes. Conclusions: Our data did not provide clear evidence of an effect of ambient air pollution on hypertensive disorders of pregnancy. results need to be interpreted with caution considering the quality of the available exposure and health outcome measures and the uncertain impact of adjusting for hospital. relative to previous studies, which have tended to identify positive associations with PM 2.5 and nO 2 , our large study size, refined air pollution exposure estimates, hospitalbased disease ascertainment, and little risk of confounding by socioeconomic deprivation, does not provide evidence for an association. (Epidemiology 2015;26: 748-757) O ver the past decade, evidence has accumulated suggesting that air pollution, especially fine particulate matter (particulate matter with aerodynamic diameter less than or equal to 2.5 µm, PM 2.5 ), and nitrogen dioxide (nO 2 ) may be related to adverse pregnancy outcomes. While the evidence is most extensive for a possible influence on fetal growth and timing of delivery, 1 there is a growing literature addressing hypertensive disorders of pregnancy, which include preeclampsia (pregnancy-induced hypertension with proteinuria) and gestational hypertension (pregnancy-induced hypertension without proteinuria).
O ver the past decade, evidence has accumulated suggesting that air pollution, especially fine particulate matter (particulate matter with aerodynamic diameter less than or equal to 2.5 µm, PM 2.5 ), and nitrogen dioxide (nO 2 ) may be related to adverse pregnancy outcomes. While the evidence is most extensive for a possible influence on fetal growth and timing of delivery, 1 there is a growing literature addressing hypertensive disorders of pregnancy, which include preeclampsia (pregnancy-induced hypertension with proteinuria) and gestational hypertension (pregnancy-induced hypertension without proteinuria). 2 these complications of pregnancy are common (2%-5% of births), with higher prevalence in first births and among obese women, and only resolve with delivery. 3 Observations of weak associations of air pollution with birth weight and preterm birth may be accounted for in part by an impact of air pollution on hypertensive disorders, which are associated with those adverse birth outcomes. if this were the primary pathway linking air pollution to preterm birth, then the association of air pollution directly with hypertensive disorders would have to be stronger than the association between air pollution and preterm birth. a large body of evidence suggests that air pollution can induce systemic inflammation, oxidative stress, and vascular endothelial injury 4, 5 -the same mechanisms hypothesized to cause preeclampsia. 6, 7 thus, while there is not a well-established pathophysiologic pathway linking ambient air pollution to preeclampsia, an association is biologically plausible. Several studies have reported positive associations between PM 2.5 and hypertensive disorders of pregnancy [8] [9] [10] [11] [12] [13] [14] or elevations in mean blood pressure in pregnancy, 15, 16 but effect sizes have tended to be quite small and other studies of similar design and quality have not found positive associations. 17 in recent meta-analyses, Pedersen et al. 2 18 found a combined odds ratio of 1.18 (95% ci = 0.98, 1.41) per 5 µg/m 3 for exposure in the first trimester and similar results for the second trimester. the differences in results may be explained by slight differences in inclusion criteria affecting one study 17 and use of full pregnancy exposure 2 versus first/second trimester exposure only. 18 the literature on nO 2 , a marker of traffic-related air pollution, is less extensive but includes a number of positive reports, 8, 11, 19, 20 as well as null findings. 12, 21, 22 in their meta-analysis, Pedersen et al. 2 estimated a combined odds ratio for nO 2 of 1.41 (95% ci = 1.00, 1.98) per 10 ppb for all hypertensive disorders of pregnancy combined, in contrast to Hu et al. 18 who reported a combined odds ratio of 1.05 (95% ci = 0.99, 1.12) per 10 ppb for exposure in the first trimester and similar results for second-trimester exposure.
Previous studies have generally been limited in one or more of the following key features: quality of exposure assessment (relying on sparse regulatory air pollution monitoring data), quality of outcome assessment (often relying on birth certificate data), or limited study size (clinical populations with relatively small numbers of cases). We examined the association of PM 2.5 and nO 2 with hypertensive disorders of pregnancy employing data from a unique urban air monitoring program designed to assess intra-urban variation in population exposures, and to draw on a combination of birth certificate and hospital discharge diagnoses for a large, diverse population of pregnant women across new York city. in a previous analysis of data from this study, residential concentrations of these two air pollutants were associated with a small decrement in birth weight, 23 calling for an examination of the hypothesis that this finding might be accounted for by a more marked association with hypertensive disorders.
MATERIALS AND METHODS

Study Population
Birth records of 348,585 live births to residents of new York city occurring in new York city hospitals during the years 2008-2010 ( Figure 1 ) were available for analysis, excluding the estimated 4% of live births to new York residents that occurred at hospitals outside new York city (reported in detail in a previous publication). 23 We linked birth certificate files to hospital discharge data provided by the new York State Department of Health Statewide Planning and research cooperative System, which included information on medical conditions before and during pregnancy. We restricted the study to singleton births to nonsmoking mothers (based on birth certificate data) given the established inverse association between smoking and hypertensive disorders in pregnancy, 24 the challenge of isolating the impact of air pollution in the presence of active smoking, and the limited detail available in our data on intensity of smoking. We also excluded mothers diagnosed with prepregnancy hypertension based on hospital discharge data. to avoid the fixed cohort bias and to obtain a cohort defined by conception rather than by birth date with consistent distributions of gestational age across calendar time, 25 we excluded births with an estimated date of conception before July 31, 2007 (i.e., 22 weeks before January 1, 2008) or after March 12, 2010 (i.e., 42 weeks before December 31, 2010). We also excluded those missing residential address information needed for estimating exposure, implausible birth weights (<500 or >5,000 g), and missing outcome or covariate information, less than 5% of the remaining population after exclusions noted above (Figure 1 ). While there is information on hypertensive conditions in both the birth certificate and the hospital discharge data, previous studies have indicated that hospital discharge data are superior 26 and this source allows for subdivision into mild and severe preeclampsia and gestational hypertension that is not possible with birth certificate information alone. after the above exclusions, our population included 268,601 births. analyses that adjusted for delivery hospital were further restricted to include records which had such information and only included hospitals with 10 or more births per outcome, leaving 262,946 births at 41 hospitals. the protocol was reviewed and approved by the new York city Department of Health and Mental Hygiene institutional review Board.
Exposure Assessment
the method for assigning PM 2.5 and nO 2 exposures to each birth at the mother's birth residence has been described elsewhere. 23, 27 in brief, the method consists of estimating the citywide spatial variation of air pollutants followed by temporal adjustment of the spatial data to match gestational exposure time windows. as part of the new York city community air Survey, 28 We used geographic information systems to compute emissions and land use variables within buffer regions around each monitoring location. 27, 28 each of these variables was tested for inclusion in regression models predicting the pollutant annual average concentrations. the final regression models included the strongest predictor variables and were extended to account for residual spatial autocorrelation using kriging with external drift. We applied the models to generate a surface of estimated average pollutant concentrations across the 790 km 2 of the city which was used to construct exposure estimates within 300 m of each maternal address at the time of delivery based on the birth certificate. the spatial exposure surface described above (based on annual average concentrations) was then temporally adjusted to match pregnancy time windows using a city-wide time series computed from continuous regulatory monitors. the R 2 value for predictions of 2-week average concentrations of PM 2.5 and nO 2 against actual concentrations measured during December 2009-December 2010 at the 150 new York city community air Survey distributed sites was 0.83 and 0.79, respectively. to the best of our knowledge, there was no major change in the spatial pattern of emission sources in new York city over the relatively brief time interval of the study that would have substantially impacted the relative spatial distribution of these pollutants during the study period, and the validation results in part support this inference.
Pregnancy Outcome and Covariates
We examined the association of air pollution with hypertensive disorders of pregnancy in four case groups, defined by international classification of Diseases, ninth revision, clinical Modification (icD-9-cM) discharge diagnoses: (1) (4) severe preeclampsia/eclampsia (icD-9-cM codes: 642.50-642.54 and 642.60-642.64). in each case, the referent group consisted of women with no diagnosis of hypertension. in cases where a woman had codes for more than one of the categories of hypertensive disorders, we assigned her exclusively to the diagnosis reflecting the most severe form, ordered as severe preeclampsia/eclampsia, mild preeclampsia, and gestational hypertension. in a sensitivity analysis, we also considered duration of gestation based on clinical estimates (which typically incorporate ultrasound information), examining pregnancies resulting in preterm births (<37 weeks gestational age) with hypertensive disorder, and term pregnancies with hypertensive disorder, each compared with pregnancies with no hypertensive disorder. We adjusted for the following covariates known or suspected to be associated with one or more of the above hypertensive disorders: maternal age (<20, 20-24, 25-29, 30-34, 35-39, ≥40), race/ethnicity (non-Hispanic white, black, Hispanic, asian, or other/unknown), education (<9, 9-11, 12, 13-15, 16, or >16 years), parity (0, 1, or ≥2), conception year (2007, 2008, 2009, 2010) , body mass index (BMi), BMi 2 , and Medicaid status (no/yes), identifying women of low income who qualified for this program. to address potential confounding by contextual socioeconomic status, we developed a social deprivation index based on the US census tract containing the address listed on the birth certificate (mean = 118 births/ tract). We adapted the approach of Messer et al., 30 using principal components analysis to derive a composite index, which included the following seven contextual variables: percent with college degree, percent unemployment, percent management/professional occupation, percent residential crowding, percent below 200% of the federal poverty line, percent of households receiving public assistance, and percent nonwhite race. to control for hospital-specific effects, we also adjusted for delivery hospital as a categorical variable.
Statistical Analysis
We estimated the associations between individual-level estimated exposures to PM 2.5 , nO 2 , and the specific hypertensive disorders of pregnancy using multinomial logistic regression, with the referent group consisting of women not diagnosed with a hypertensive disease during pregnancy. We considered exposure in the first trimester (weeks 1-12) and second trimester (weeks 13-26) of pregnancy in separate models. For each exposure window and each pollutant (PM 2.5 and nO 2 ), we initially considered three models: (1) unadjusted; (2) adjusted for all of the individual-level covariates described above and the census tract social deprivation index; and (3) adjusted for all covariates noted previously plus a categorical variable for the delivery hospital. given our reliance on discharge diagnoses in administrative databases, identification as a case depends on the completeness and specificity of coding, which may vary across hospitals. Because adjustment for delivery hospital had a material effect on some of the results, and because there is uncertainty regarding which is the more valid estimate, findings from models including and excluding adjustment for delivery hospital are presented.
We analyzed continuous measures of PM 2.5 and nO 2 , with results expressed as odds ratios per 10 µg/m 3 PM 2.5 and 10 ppb nO 2 , respectively. in the categorical analysis, exposure quartiles 2, 3, and 4 were contrasted with quartile 1 as the referent. We assessed the linear trend in the quartile-specific odds ratios estimated from these models using the cochranarmitage test. We conducted several sensitivity analyses, including isolating spatial and temporal contributors to exposure, mutually adjusting for the same pollutant in alternate trimesters, mutually adjusting for PM 2.5 and nO 2 in the same trimester, adjusting for season, excluding those with pre-existing diabetes, gestational diabetes or pre-existing kidney disease, restricting to nulliparous women, including hospital as a random effect rather than a fixed effect, and using an alternative outcome which incorporated term and preterm births as described above. analyses were performed using SaS 9.3 (cary, nc).
RESULTS
the study population reflects new York city's ethnic and socioeconomic diversity (table 1) . Half the population was Black or Hispanic, half had 12 or fewer years of education, and over half received Medicaid assistance. Distribution of births by year was uneven due to truncation at the beginning and end to avoid the fixed cohort bias. 25 Higher risk of hypertensive disorders was seen for the youngest and oldest mothers, for Black and Hispanic women (relative to non-Hispanic whites), and for women with lower education or living in areas of greater socioeconomic deprivation. the social deprivation variable had a weak negative linear association with the pollutants (Pearson correlation coefficients at the census-tract level of −0.11 and −0.07 for PM 2.5 and nO 2 , respectively). nulliparous women and women with higher BMi had a markedly increased risk of hypertensive disorders. Differences in predictors of risk for the different hypertensive disorders were modest.
in models not adjusted for delivery hospital, PM 2.5 in the first and second trimesters of pregnancy was positively related to risk of gestational hypertension and inversely related to risk of mild preeclampsia ( Figure 2 , table 2, etable 1; http://links. lww.com/eDe/a938). Specifically, in the highest quartile of exposure, the adjusted odds ratios for gestational hypertension were 1.4 (95% ci = 1.2, 1.5) in the first trimester and 1.4 (95% ci = 1.3, 1.5) in the second trimester. additional adjustment for delivery hospital essentially eliminated these associations, and in either model, PM 2.5 was unrelated to total hypertensive disorders or severe preeclampsia.
We observed a similar pattern of results for nO 2 ( Figure 3 , table 2, etable 2; http://links.lww.com/eDe/ a938), with a clear positive gradient in risk of gestational hypertension and a negative gradient for mild preeclampsia in models without hospital adjustment. this was the case for both first-and second-trimester exposures. in models without hospital adjustment, second-trimester nO 2 exposures were associated with a slight increase in total hypertensive disorders and severe preeclampsia, although both associations were eliminated with hospital adjustment.
We conducted a series of sensitivity analyses to further understand the pattern of results (table 3, etable 3; http:// links.lww.com/eDe/a938). examining only spatial variation in pollutants as the exposure measure markedly enhanced the positive association with gestational hypertension and inverse association for mild preeclampsia without hospital adjustment, for PM 2.5 . temporal variation in both pollutants in both trimesters, with or without hospital adjustment was not associated with any of the outcomes. Mutual adjustment of PM 2.5 for nO 2 and vice versa attenuated the results for each somewhat without hospital adjustment and had little effect on the results with hospital adjustment. adjustment for the same pollutant in the other trimester had little impact as did adjustment for season of birth and restriction to women without preexisting diabetes, gestational diabetes, or preexisting kidney disease with or without hospital adjustment. including hospital as a random rather than fixed effect had little impact on the results. the associations were attenuated when the outcome was restricted to preterm birth with hypertensive disorders without adjustment for hospital (etable 4; http://links.lww.com/eDe/a938). Hospital was a positive confounder for the association between each pollutant and gestational hypertension, and a negative confounder for their associations with mild preeclampsia (table 2, etable 5; http://links.lww.com/eDe/ a938). this was the general pattern for both PM 2.5 and nO 2 , first and second trimester, and driven by the spatial variation in exposure as would be expected, given that delivery hospital is largely a spatial variable.
DISCUSSION
in a study built on a thorough assessment of air pollution exposures across new York city, with hospital discharge data on diagnoses, we generally found a lack of evidence of a positive association between either PM 2.5 or nO 2 and hypertensive disorders of pregnancy except for gestational hypertension in models without adjustment for hospital. confounding by socioeconomic status is a major concern in most settings; 31 but in new York city, indicators of social deprivation are generally weakly negatively correlated with these air pollutants (etable 6; http://links.lww.com/eDe/a938). 32 given the null results after adjusting for delivery hospital, it is important to ask whether there are aspects of the study that could have generated spurious null findings in the presence of a true association.
although it is possible that there is a true effect of pollution on the occurrence of hypertensive disorders that is pronounced enough to be reflected in the varying rates of hypertensive disorders across hospitals (as shown in etable 5; http://links.lww.com/eDe/a938), we believe that these apparent associations may be due to institution-level differences in disease coding and diagnosis. the pattern of compensating increased gestational hypertension and reduced mild preeclampsia, with little overall association for total hypertensive disorders, makes the potential for variation in coding across exposure misclassification is an important concern given that residential pollutant levels were estimated based on maternal residence at delivery. Women may have moved during the course of pregnancy, they spend time at locations other than their residence, and there is uncertainty in the levels estimated for a given location due to the modeling and variation resulting from height of the housing unit, open and closed windows, etc. Hospital discharge diagnoses have been found to be reasonably accurate in relation to full medical record reviews, but far from perfect. Positive predictive values for all hypertensive disorders are in the range of 85%-90% 26,33,34 and somewhat lower for all preeclampsia (54%-74%) 33, 34 and gestational hypertension (56%), 34 but higher for severe preeclampsia (85%-100%). 34, 35 the absolute prevalence of the disorders in our study-2.2% for gestational hypertension, 2.6% for mild preeclampsia, and 1.6% for severe preeclampsia-suggests an underreporting of gestational hypertension as might be expected for a more benign condition. that greater risk of underreporting allows for the possibility of variable underreporting by hospital, potentially affecting the pattern of association with air pollution. While there is the real possibility that misclassification of either the outcome or the exposure biased associations toward the null, relative to previous studies, ours has some methodologic strengths, lending credibility to our results. Previous studies have reported positive associations between PM 2.5 and preeclampsia, 8, 12, 14 aggregated hypertensive disorders of pregnancy, 9, 11 or mean blood pressure, 16 with absent or negligibly small associations found in other studies relating PM 2.5 to preeclampsia, 13,17 gestational hypertension, 13 or mean blood pressure. 15 the meta-analytic summary odds ratios for PM 2.5 in two recent meta-analyses were 1.6 and 1.2 per 5 µg/m 3 PM 2.5 for a constellation of hypertensive disorders of pregnancy and 1.3 and 1.1 for preeclampsia alone. 2, 18 given the large sample size of our study compared with prior studies, our estimated odds ratio for total hypertensive disorders with adjustment for hospital would likely move the metaanalytic summary estimate closer to the null. results for nO 2 and hypertensive disorders are similarly mixed although less abundant. Positive associations have been reported for preeclampsia, 8, 20 and null or negligibly small associations for preeclampsia 12, 14, 19, 21 and all hypertensive disorders. 11 given prior meta-analytic results showing summary odds ratios of 1.4 and 1.1 per 10 ppb nO 2 for all hypertensive disorders, our results would again likely bring the meta-analytic summary estimate closer to the null. 2, 18 it is difficult to discern a pattern among the studies that do and do not find positive associations, but the differences in effect estimates between "positive studies" (Ors ~ 1.2-1.4) and "negative studies" (Ors < 1.2) are rather modest and well within the range of random variation or subtle differences in exposure or outcome assessment or confounding. it may be argued that we are quickly reaching the limits of benefiting from additional studies of a similar nature to those that have done before based on routinely available air pollution indicators and indicators of pregnancy complications. Whether the next one finds effect measures near the null or slightly elevated will have modest impact on the cumulative evidence for or against an association. Studies that can examine air pollution in relation to more refined measures of outcome using detailed clinical data that accounts for timing of onset or provide research-quality blood pressure measurements would bring a new perspective to the topic, regardless of whether associations are found. Methodologic insights into sources of confounding, such as the impact of delivery hospital, may also help to determine whether this effect needs to be considered in other studies of air pollution and pregnancy outcome.
